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Some viruses will propagate in vitro in the presence  of a  susceptible  tissue 
which  is  maintained  in  a  medium  composed  of  inorganic  salts  and  glucose. 
The amount and rats of propagation observed under such conditions axe com- 
parable  to  those  obtained  in  vivo in  the  embryonate  egg  (1).  This  does  not 
indicate that the nutritional requirements of the system are simple, but rather 
that  the  endogenous supply of metabolites  in  the  intact  cell is great.  Hence 
the  classic  method  of adding  or  withdrawing  individual  nutrients  from  the 
medium, as used in the study of bacterial nutrition,  is of limited value. 
If a  pseudosubstrate  or analogue of a  metabolite  is introduced  into  a  bio- 
logical system,  it  may reduce  the  effective concentration  of the  normal sub- 
strate  by competing with  it  for the  acti;¢e  sites  of some  enzyme  (2--4).  The 
metabolic processes for which this enzyme is essential will then be suppressed. 
If  this  enzymic process  is  essential  for  virus  propagation,  inhibition  of  the 
virus synthesis should result. 
In  such  a  manner,  by  using  the  methoxinine-methionine  combination  of 
analogue and metabolite,  it has been possible  to demonstrate  the functioning 
of l-methionine in a  specific host-virus system. The details of these studies are 
reported in the following work. 
Materials and Methods 
Virus and Tissue.--The PR8 strain of influenza Type A virus was selected for this study. 
It was isolated from man and had undergone 7 passages in ferrets, 593 passages in mice, and 
118 passages in eggs. The host cells were those of the chorio-allantoic membrane and were 
obtained  from  14 day old embryonate  chicken eggs. 
CuUure.--Thls host-virus  system  was  cultivated  in the flasks of a  Warburg apparatus 
using a modified Simms medium; the composition is given in the tabulation  below. To meas- 
ure oxygen uptake and to maintain a constant partial pressure of carbon dioxide in the system, 
the mixture described by Pardee was added to the center well (5). It is composed of a mixture 
of diethanolamine,  potassium  bicarbonate,  and  hydrochloric  acid.  The  proportions  were 
selected to give an equilibrium concentration  of 3 per cent carbon dioxide in the gas phase 
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(5).  Since an equilibrium exists between the concentration of carbon dioxide in the Simms 
solution, in the gas phase, and in the center-well mixture, this system provides an effective 
buffering action in addition to a constant partial pressure of carbon dioxide. 
In all the experiments each flask contained 200  mg. of membrane which was used intact 
without mincing. The cultures were incubated at 37  ° with shaking, and the duration of each 
experiment is given in the corresponding tables. The inoculum was prepared by making suit- 
able dilutions of infected allantoic fluid in Simms solution. In all instances 0.3 ml. of inoculum 
was used per flask and the final volume of fluid and tissue was 3.0 ml. 
Composition of Culture Medium 
Constituent  .  Concentration 
Na,I-IPO,. 7H,O ...........................................  I 
NaC1 .................................................... 
NaHCO, .................................................  ! 
KCI .................................................... 
CaClv2H,  O .............................................  i  MgClv 61-120 ............................................ 
Glucose ................................................. 
Phenol red .............................................. 
Streptomycin (base) ..................................... 
Penicillin 13 ............................................. 
0.0006 
o.o69o 
0.036O 
0.0027 
0.0010 
0.0010 
0.0220 
6.0* 
50.0* 
25,ooot 
* Expressed in milligrams per liter. 
~: Expressed in units per liter. 
Except in the experiments in which the order of addition was studied (Table IV), the me- 
dium, the supplements  (inhibitors and metabolites), and the virus were added  to the flasks 
in the order listed. The flasks  then were packed in crushed ice, and the weighed samples of 
tissue were added. 
Virus Titer.--The amount of virus was estimated by determining the infectious titer in 
eggs. For this purpose tenfold serial dilutions of the virus were prepared and 4 eggs were inoc- 
ulated with each dilution. The 50 per cent infectious titer was calculated using the method 
of Reed and Muench (6).  The titer was also estimated by red cell agglutination using a pat- 
tern method (7). 
Oxygen.--The respiration of the cultures was determined manometrically in the conven- 
tional manner with the Warburg apparatus. 
The dLmethoxinine (dl-a-amino-7-methoxybutyric acid) was obtained from the American 
Cyanamid Company. 
dl-Methionine  was  supplied  by  Eastman  Kodak  Company  while d-  and  l-methionine 
were obtained from Nutritional Biochemical Company. Choline and betaine were purchased 
from the same source and dl-homocysteine was a product of General Biochemicals, Inc. 
RESULTS 
Reversible  Inhibition of Influenza Virus Propagation.--Graded  concentrations 
of d/-methoxinine will produce in ~tro a  proportional inhibition of the propaga- 
tion of influenza virus. While almost complete suppression  of virus production 
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produced by concentrations as low as 0.0025 molar (Table I). This inhibition 
can be completely blocked by d/-methionine.  As increasing  amounts  of this 
amino acid are added,  in the presence of 0.01  molar dg-methoxinine, there is 
produced  a  corresponding  response  in  the  rate  of propagation  of  the  virus 
(Table I). Because the inhibition is completely blocked, it is clear that meth- 
oxinine is not exerting an effect on any part of the viral synthetic mechanism 
other than that involving methionine. This is a  clear demonstration of the re- 
quirement by the host-virus system for methionine.  It is not demonstrable in 
TABLE  I 
Blocked Inhibition of B~ Propagation of lnfluen~ PR8 Virus by dl-Mdhoxlnine 
Duration of the ex 
d/-lVlethoxinine 
Mol~rity X 1o~ 
0.00 
1.25 
2.50 
5.00 
10.00 
0.00 
10.00 
10.00 
10.00 
10.00 
10.00 
)eriment 20 hours. 
d/-Methionine* 
Molarity X 10  s 
D 
m 
D 
m 
0.00 
0.00 
0.06 
0.I1 
0.22 
0.89 
Initial 
2.7 
2.7 
2.7 
2.7 
2.7 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
Infectivity titer~ 
* Data obtained with d/-methionine were from a separate experiment. 
Titers are expressed as the log of the r~procal of the dilution. 
Final 
7.4 
7.0 
5.8 
4.8 
2.7 
7.0 
4.7 
5.5 
5.8 
6.5 
6.7 
the absence of methoxinine because of the normal endogenous methionine of 
the cell. 
The activity of a  second structural analogue of methionine was also tested 
in this host-virus system. The data of Table II demonstrate that this analogue 
d/-ethionine,  wiU reduce the rate of propagation of influenza  virus and  that 
its effect is blocked by d/-methionine. 
Aaivity of the d and l Isomers of Methionine.--In  view of the  activity of 
both the d  and l isomers of methionine in the  nutrition  of the  rat  (8)  and 
the human being (9), it was of interest to determine whether both optical forms 
would be effective in this host-virus system. On testing these isomers, d-methi- 
onine was found completely inactive at  the levels tested  in blocking the in- 
hibition by methoxinine  (Table III). In contrast,  the/-methionine was quite 
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unable to interchange readily the d and l forms of methionine and that the 
/-methionlne functions in an enzyme system that is essential for the propaga- 
tion of influenza virus.  This same enzyme system is sensitive  to methoxinine 
action. 
Nature of the Action of Methoxinine.--Since  it is possible to recover from a 
completely inhibited culture the virus which was  added in an inoculum,  it 
TABLE  II 
Blocked Inhibition  of the Propagation of Influenza  PR8 Virus by dl-EZhionine 
Duration of the experiment was 20 hours. Concentration of d/-ethionine was 6.1  ×  10-sa. 
Concentration of dl-methionine was 2.2  X  10  "a~r. 
Supplement 
None  ................ 
d/-Ethionine ............................  J 
d/~Etl~onine +  d/-met.Nonine .............  [ 
Hemaggllutinatlng tlter_--*  Infectlv~ty titer~ 
Initial  Final  Initial  Final 
0  52  2.3  ]  8.5 
0  0  [  2.3  l  5.7 
o  44  l  2.3  [  7.4 
* Average value of 4 culture flasks. 
:~ Titer expressed as the log of the reciprocal of the dilution. 
TABLE  III 
Actit~ity of the d and l Isomers of Mahionine Blocking dl-Mahoxinine Inhibition 
Duration  of  the  experiment  22  hours.  Concentration  of  d-,  l-,  and  dPmethionine  was 
2.24  X  10"4~. 
Supplement 
None ............................. 
None ............................. 
dl-Methionine ..................... 
/-Methionine ...................... 
doMethionine ...................... 
d/-Methoxinine 
Molarity  X 10* 
0.00 
8.95 
8.95 
8.95 
8.95 
Infectivity tlter* 
Initial  Final 
2.3  7.0 
2.3  3.2 
2.3  6.8 
2.3  6.6 
2.3  1.7 
* Infectivity expressed as the log of the reciprocal of the dilution. 
seems unlikely that the action of methoxinine is virucidal (Table I). This view- 
point is supported by the fact that the action of the inhibitor can be prevented 
by the addition of/-methionine. If the inhibitor is added 3  hours after the 
virus has been added to the tissue, inhibition still occurs (Table IV). Since the 
3 hours period  would provide ample opportunity for the virus to infect the 
tissue,  this indicates that methoxinine acts not by preventing the tissue  from 
becoming  infected but rather by interference  with the synthesis of the virus 
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Concentrations of methoxinine sufficient to produce marked inhibition of the 
production of virus have no inhibitory effect on the endogenous respiration of 
the chorio-ailantoic membrane. This is of particular interest since malonic acid 
and antimycin -A, which have been shown  to inhibit this virus under these 
conditions,  do so by interference  with the endogenous respiration of the host 
cells (1). It has been reported that a methionine deficiency induced by dietary 
control does not affect the endogenous respiration of rat liver while markedly 
TABLE  IV 
Elect of the Order of Addition  of Virus and Methoxinine 
d/-Methoxinine  added 
Molarity 
0.00 
0.01 
0.01 
Time of a~ldition of 
d/-methoxinine* 
0.0 
3.0 
0 hr. 
2.33 
2.33 
2.33 
Infectivity titer~: 
3 hrs. 
1.33 
22 hrs. 
7.00 
2.67 
3.33 
* Time after the addition of tissue and virus. 
:~ Titers are expressed as the log of the reciprocal of the dilution. 
TABLE  V 
Virustalic  Nature  of the Action  of dl-Me~xinine  on  Influenza  Virus Propagalion 
Prior to this growth experiment the control tissues were incubated 24 hours in Simms 
solution at  37  °  .  The  experimental tissues were incubated  similarly in  Simms containing 
10.0 X  10~ d/-metho=ingne. 
Duration of the experiment 22 hours. 
Prior treatment  of tissue 
Incubation without methoxinine  .............. 
Incubation with methoxinine  ................. 
Methoxinine 
concentration 
0.00 
0.00 
Infectivity titer* 
Initial  Final 
2.33  8.5 
2.33  7.5 
* Titer expressed as log of the reciprocal of the dilution. 
reducing  the xanthine oxidase activity (10). These data may suggest  the site 
of action of these antagonists of methionine. 
Not only is the respiration of the membrane unaffected by methoxinine,  but 
even after incubation at 37  ° for 24 hours with this inhibitor, it can be demon- 
strated that the entire mechanism of the cell necessary to support the propaga- 
tion of the virus is still intact. To show this, tissues were incubated with 0.01 
methoxinine for 24 hours and then washed with saline and placed in a me- 
dium containing 0.003 molar d/-methionine.  The ability of these membranes 
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which had been incubated previously for 24 hours in the absence of methox- 
inine. The data of Table V show that the methoxinine treatment does no per- 
manent damage to the tissue's ability to support virus propagation. 
Activity of Other Metabolites.---Other  metabolites which have "labile methyl 
groups" were  tested for activity in nullifying the inhibition of methionine. 
Betaine was found to be inactive in blocking  the inhibition by methoxinine. 
Betaine, choline, cysteine, and creatine were equally inactive when tested for 
their ability to mullify inhibition by ethionine, d/-Homocysteine dM partially 
block inhibition by both methoxinine and ethionine. Homocysteine  activity was 
small  and was not enhanced by the simultaneous addition to the culture of 
betaine or choline. 
DISCUSSION 
The observed activity of l-methionine would be expected if either the func- 
tion or the synthesis of methionine was inhibited. The data presented here do 
not prove the exact site of the action of methoxinine. However, in either event, 
the data do demonstrate the/-methionine functions in the biosynthesis of the 
influenza  virus.  In view of the close structural relation of the analogue to 
methionine and the fact that homocysteine  and betaine in combination will 
only partially block  the inhibition,  it seems most likely that it is some func- 
tion of methionine rather than its synthesis which is being inhibited. 
It has been suggested that the inhibition of the growth of the rat by ethionine 
is due to ethyl analogues of creatinine and choline (11) which arise by trans- 
ethylation of the normal metabolites with ethionine (12). Also it has been re- 
ported that in the rat, choline or methionine will lessen the inhibition of ethi- 
onine  (13). However,  in the system described here, using the chorio-allantoic 
membrane, it does not seem likely that ethyl analogues of creatine or choline 
are involved, since choline and creatine are both inactive in blocking the ethi- 
onine inhibition while/~methionine is quite active. 
It is probable  that methionine has functions other than protein formation 
and these inhibitors may inhibit only one function of methionine. The reaction 
which is affected is essential  to the biosynthesis of the influenza virus and it 
would be of interest to know what it is. The implications of such information 
in the field of chemotherapy are plain.  The possible value of these analogues 
in vivo is also suggested by dietary studies.  Mice fed a low protein diet show 
an increased resistance  to infection with swine influenza virus (14, 15). How- 
ever,  this effect of protein inanition can be reduced by the feeding of methi- 
onine (14). Thus one might anticipate that the effective concentration of me- 
thionine would also be reduced by the administration  of ethionine or methoxinine 
along with an adequate diet. Further studies  of the problem  are being con- 
ducted. w.  w.  ACKERMANN  343 
SUMMARY 
d/-Methoxinine and d/-ethionine prevent the propagation of influenza PR8 
virus in a medium ordinarily favorable. 
The inhibitors do not act by destroying the virus,  the host tissue, or by 
preventing the infection of the cells,  but by interfering with the synthesis of 
the virus. 
The action of the inhibitors can be blocked by l-methionine. 
/-Methionine is involved in the biosynthesis of influenza PR8 virus. 
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